We present grazing-incidence measurements of polarized electroabsorption spectra in p -i -n solar cells based on hydrogenated amorphous silicon (a-Si:H͒. We find a significantly stronger polarization dependence in the present measurements compared with earlier work based on electroabsorption detected using coplanar electrodes on a-Si:H thin films. We do not find any significant dependence of the polarized electroabsorption upon light soaking, although this effect was found in previous work with coplanar electrodes.
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About ten years ago Weiser, Dersch, and Thomas reported the polarized electroabsorption effect for the interband optical absorption of amorphous selenium and hydrogenated amorphous silicon (a-Si:H͒. 1 In particular, they found that the electroabsorption ͑EA͒ spectrum ͑the electricfield-dependent portion of the absorption itself͒ depended significantly upon the angle between the polarization vector of the optical beam and the external electric field applied to the material. They interpreted the effect in terms of the nature of electronic states near mobility edges ͑the energy level separating localized and extended states near the conductionor valence-band edges͒.
Other scientists have significantly extended this initial work. Okamoto et al. 2 and Tsutsumi et al. 3 proposed that the polarized electroabsorption effect is well correlated with the fundamental mobilities of electrons and holes. Most recently, Shimizu et al. 4 and also Hata et al. 5 reported that the polarization dependence of electroabsorption is nearly doubled in magnitude by ''light soaking'' of a-Si:H, which is a new type of Staebler-Wronski effect. 6 These measurements suggest the highly significant conclusion that light soaking substantially changes the electronic structure of a-Si:Hespecially in the mobility-edge regions. The preponderance of work on the Staebler-Wronski effect has emphasized point defect generation during light soaking as opposed to more broadly based changes to the material itself.
The electroabsorption measurements cited above were performed on simple thin-film specimens. The external electric potential difference was applied between two electrodes separated by a small gap; the optical beam passes through this gap. One potential difficulty with this ''coplanar electrode'' geometry is that the measurements are affected by interfacial fields and by nonuniformity of the applied field. In particular, Mescheder and Weiser have documented a strong nonuniformity of the electroabsorption signal across the electrode gap for a-Si:H, 7 reporting that the signal close to the electrodes was about one order of magnitude higher than the signal from the middle of the gap. While this nonuniformity clearly presents a quantitative difficulty, 8 several authors have argued that the electroabsorption spectra, and the relative magnitudes for the polarization effect, should be unaffected by it.
In this letter, we present electroabsorption measurements using a ''sandwich'' electrode geometry which, we believe, greatly reduces these uncertainties. We confirm the existence of the polarized electroabsorption effect, and indeed, we conclude that the polarization dependence is substantially larger, and hence, of even greater interest than previously reported. On the other hand, we did not reproduce the light-soaking effect found in the coplanar geometry. An interesting byproduct of the current measurements is an estimate of the change in the built-in potential of our a-Si:H-based solar cells due to light soaking; this effect was also unmeasurably small ͑Ͻ0.03 V change͒. At the conclusion of this letter, we speculate as to the origins for the Mescheder-Weiser effect and for the differing conclusions from experiments in the two geometries.
We first describe our experimental configuration for polarized EA measurements. As shown in Fig. 1 , we use a͒ Electronic mail: ljiang@syr.edu b͒ Present address: National Renewable Energy Laboratory, Golden, CO 80401.
FIG. 1. Illustration of grazing-incidence angle measurements of polarized electroabsorption. ͑left͒ The incident beam ͑shaded arrow͒ is refracted and transmitted as it passes through a p -i -n solar cell; F denotes the macroscopic electric field, E p and E s denote the optical polarization. ͑right͒ Definitions of the various angles involved in analyzing the experiment: the refraction angle r, the polarization angle , and the angle between the external and polarization fields.
p -i -n diodes for the measurements; both the internal and external electric fields are normal to the interfaces as illustrated. The incident optical beam is at near-grazing incidence. For the incident s polarization, the optical polarization vector and the macroscopic electric field are perpendicular; for incident p polarization, the optical polarization has a component which is parallel to the electric field.
The dependence of the electroabsorption spectrum ⌬␣(h,) upon the optical polarization can be expressed as
where is the angle between the optical polarization vector and the field, and ⌬␣ i (h) and ⌬␣ a (h) are defined as the isotropic and anisotropic spectra, respectively. The spectra can be related to the electroabsorption measured with s and p polarizations:
where the subscripts s and p denote the polarization of the beam, i denotes the incidence angle in air, r denotes the angle of propagation inside the Si, and n is the index of refraction of the intrinsic layer. The samples employed in this experiment are p -i -n structure solar cells. The United Solar sample was deposited onto a glass substrate coated with a thin film of Cr using the sequence: P-doped a-Si:H n ϩ layer, 0.4 m intrinsic a-Si:H layer, and an about 10 nm B-doped microcrystalline silicon (c-Si) p ϩ layer. The Solarex sample was deposited onto a glass substrate coated with a textured conducting oxide in the sequence: B-doped a-SiC p ϩ layer, intrinsic layer, and Pdoped a-Si:H n ϩ layer. It is very convenient for the measurements that both top and bottom electrodes are semitransparent, which permits direct optical transmittance measurements.
We used lasers and monochromatic illuminators as illumination sources. These were unpolarized sources, and we polarized their light using rotating Polaroids. The transmitted beam was detected using a Si photodiode or a photomultiplier. Light soaking was done using a helium-neon laser ͑633 nm͒ under open-circuit condition; we were careful to assure that the illumination intensity during an electroabsorption measurement did not change the light-soaking state significantly. The external reverse-bias potential across the diode was modulated at 50 kHz field, which is sufficiently rapid that the external electric field across the intrinsic layer is essentially uniform. We estimate the electroabsorption ⌬␣ from the modulation ⌬T of the transmittance:
where l is the length of the optical path of the beam in the sample. For the present experiments one aspect of this equation should be noted. The transmittance T depends significantly upon polarization at non-normal incidence-but the electroabsorption coefficient calculated according to Eq. ͑3͒ is independent of this effect. We do neglect thin-film interference effects in our analysis; Weiser et al. 1 have discussed this simplification at some length in previous work.
We briefly discuss the scaling of the electroabsorption with electric field. In a-Si:H, electroabsorption is quite accurately proportional to the square of the electric field for fields up to at least 10 5 V/cm in a-Si:H. 1, 3, 9 This fact leads to a definition for the fundamental electroabsorption coefficient ␣Љ in terms of the measured electroabsorption ⌬␣ϭ␣ЉF 2 , where F is the electric field. Experimentally, the application of this definition is not straightforward; for the present ''sandwich'' electrode arrangement, we simultaneously measure both the built-in potential across the p -i -n diode as well as the fundamental coefficient ␣Љ using procedures we have reported previously; 9 the estimates are nearly insensitive to the details of the static internal field profile across the structure.
We first illustrate how we used ''sandwich'' electrodes to measure the polarized electroabsorption effect. In Fig. 2 , we have plotted the transmittance modulation ⌬T/T for a helium-neon laser ͑633 nm͒ measured as a function of the polarization angle ͑cf. Fig. 1͒ . Results for four different light-soaking states are shown. In all states we find a clearly measurable effect of polarization; the relatively small magnitude was expected, since even at grazing incidence (i ϭ90°) the polarization vector of the p-polarized refracted beam has only a modest component ͑28.5%͒ of its magnitude, which is parallel to the internal field F.
In Fig. 3͑a͒ we have presented the isotropic and anisotropic electroabsorption spectra calculated from the modulated transmittance according to Eq. ͑2͒. We measured essentially the same spectra for a United Solar sample.
In Fig. 3͑b͒ we compare the EA spectra of the asdeposited and a light-soaked states for the Solarex specimen. Consistent with Fig. 2 for the United Solar specimen, we find no statistically significant difference. In both cases, we used fairly weak illumination (30 mW/cm 2 ) to light soak the samples; we chose this intensity for consistency with the previous measurements with coplanar electrodes, for which only short exposures at 30 mW/cm 2 were required to observe the light-soaking effect on electroabsorption. This level of light soaking did increase the photocurrent response of the diode in the infrared ͑1.0 eV͒ by 2.5 times; this infrared effect may be attributed to the creation of midgap defects by light soaking. An interesting by-product of the present measurements is an electroabsorption estimate of the built-in potential V bi of the solar cell; 9 this parameter changed less than 0.03 V as a result of light soaking.
A more sensitive test for light-soaking effects is to plot the ratio of the isotropic and anisotropic electroabsorption during light soaking. This is done for two samples in Fig. 4 ; we find no effect to within a sensitivity of about 3%. The initial (tϭ0) state of the samples in Fig. 4 was their ''asreceived'' state. The usual initial state for light-soaking experiments is an ''annealed'' state reached by heating for about one hour at a temperature in the range 165-180°C.
Such annealing irreversibly degraded these samples. We have also studied light-soaking in an additional solar cell which was annealed at 170°C for one hour; this sample was a TCO/p/i/n solar cell ͑initial efficiency of 9%͒ prepared at the National Renewable Energy Laboratory. We again found no effect on the polarization ratio, in this case within a sensitivity of 10%.
In summary, we find that the isotropic electroabsorption spectra are fairly comparable using either coplanar or sandwich electrodes. The anisotropic spectrum estimated using sandwich electrodes is substantially stronger and distinct in shape than the isotropic spectrum, whereas the anisotropic spectrum estimated with coplanar electrodes is relatively similar to the isotropic spectrum and exhibits a light-soaking effect. We suspect that the differences may indicate that the applied electric field in some regions of the coplanar electrode gap is not parallel to the plane of the film, which would account for the reduced contrast between the isotropic and anisotropic spectra with these electrodes. A complete twodimensional analysis of coplanar electrodes, incorporating nonuniform applied and nonuniform interface fields, is beyond the scope of the present work. We have more confidence in the analysis for sandwich electrodes, 9 where a onedimensional treatment is possible and where the field modulation ͑although not the dc field͒ is arguably uniform.
We, therefore, presume that the sandwich electrode measurements are the better reflection of fundamental electroabsorption spectra, and that the coplanar measurements are offering unexpected information about the electric-field patterns between its electrodes. As has been noted before, [1] [2] [3] these fundamental electroabsorption spectra offer a tantalizing, but obscure, insight into the nature of electronic states near mobility edges. The distinctness of the anisotropic and isotropic spectral shapes, which was not apparent from previous work, does suggest that polarized electroabsorption is reflecting two distinct optical processes. 
